In recent years, wind and photovoltaic power (PV) have been the renewable energy sources (RESs) with the greatest growth, and both are commonly recognized as the major driving forces of energy system revolution. However, they are characterized by intermittency, volatility and randomness. Therefore, their stable and efficient implementation is one of the most significant topics in the field of renewable energy research. In order to improve the stability of RESs and reduce the curtailment of wind and solar energy, this paper proposes an innovative planning method for optimal capacity allocation. On one hand, a new power generation system is introduced which combines a pumped storage power station with a wind farm and PV; on the other hand, the sequential Monte Carlo method is utilized to analyze the economy and reliability of the system under different capacity configurations considering investment cost, operating characteristics and influence factors of wind and solar energy. Then, optimal capacity allocation can be achieved. In summary, this proposed scheme provides an effective solution for the planning and construction of a new power generation system with RESs.
Introduction
Over the last decades, with the increasingly serious challenges caused by the energy crisis and climate change, more and more countries are choosing RESs, such as wind farms and PV, instead of fossil fuels in order to face the worsening problems. However, the negative effects which wind farms and PV have on the safe and economic operation of the power system because of their strongly intermittent, volatile and random characteristics should not be overlooked [1] . As a large-capacity energy storage resource, a pumped-storage power station can effectively mitigate the output power fluctuation of RESs. Also, the hybrid wind-PV-pumped storage power generation system is much more reliable and stable than a pure wind-PV system. Therefore, it is widely recognized as a better selection considering economy and reasonability factors [2] .
The use of a pumped-storage power station is becoming a source of clean energy options for energy storage. Therefore, in recent years, several researchers have studied the operating principle of hybrid wind-PV-pumped storage systems. In [3] [4] [5] [6] , the optimum size, time arrangement, technical, and economic analysis of a hybrid wind-PV-pumped Storage system are studied. The Monte Carlo simulation is easy to implement and has been widely used for the reliability assessment of renewable energy storage, such as in [7] [8] [9] . Because it takes a lot of time for Monte Carlo to obtain the probability index by simulating the stochastic behavior of the actual physical system, it becomes complicated and unsuitable for planning research.
At present, there are several research results related to the optimal configuration of hybrid RESs and energy storage systems. In [10] , a hybrid wind-PV-pumped storage system is established to simulate the impact of the hybrid system on energy performance in island grids. In [11] , using seawater as a lower reservoir, a similar system is built up to study the impact of the capacity of the pumped storage unit and the upper reservoir on calculating the allowed capacity of RESs. In [12] , four configuration schemes-wind-PV-storage, wind-PV-diesel, PV-storage-diesel and wind-storage-diesel systems-are compared and analyzed in detail in different aspects, such as the ratio of the RES's installed capacity, the proportion of wind and solar abandonment, and the reliability of the power supply. However, the case study is only performed in an island grid. In [13] , a standalone PV-wind-diesel-battery hybrid micro grid system model and its corresponding economics model are set up. Setting the minimum composite cost and expenses as the optimization objective, the optimal capacity configuration of different power resources is solved by the genetic algorithm. However, a power supply reliability analysis of the whole system is lacking. In [14] , an optimal capacity allocation method of the standalone micro grid is proposed, and based on different public subsidies, the different benefits and costs of optimal capacity allocation under independent subsidy modes are analyzed. However, the focus of this paper is only on the cost analysis, and it thus lacks consideration of renewable energy efficiency. In [15] , a benefit evaluation model is established to study the influence of energy storage configurations on the system reliability in an active distribution network. The reliability benefit ratio is proposed as the main index. However, the optimal capacity configuration of wind and solar is not discussed. In [16, 17] , the reliability assessment method of a distribution network is studied, and the authors introduce the application of the modified Monte Carlo method and sequential Monte Carlo method, respectively. However, effective measures to enhance the system economy are not mentioned. In [18, 19] , a kind of power curve modeling method is put forward to improve the accuracy of wind power prediction. However, in the planning stage, some key parameters of this method are not available.
In summary, all of the above literature has not really resolved the problem of how to realize the optimal capacity configuration of a wind-PV-pumped storage system in the planning stage in a way which not only guarantees the power supply reliability but also improves wind and solar energy efficiency. Based on the methods mentioned above, it is very difficult to avoid wind and solar abandonment in the process of system operation, and thus low investment efficiency is inevitable.
As a result, this paper proposes an innovative planning method, which establishes a comprehensive benefit model considering both the investment of various power resources and the operating efficiency of different RESs. By analyzing and testing individually the impact of the wind farm, PV and pumped storage capacity, a continual stable hybrid system and maximum system benefit could be both achieved.
The Topology of Hybrid RESs
In order to reduce the amount of wind and solar abandonment, and improve the efficiency of wind and solar resources, this paper considers the hybrid wind-PV-pumped storage system as an equivalent generation unit for the large power grid, which provides a continuous and stable power supply to the customers. The topology of this hybrid wind-PV-pumped storage system is shown in Figure 1 .
The output power of the wind farm and PV can be determined according to the wind speed and light intensity of a typical year; in addition, the pumped storage power station is used to balance this output power to obtain the maximum equilibrium output value of the hybrid system. Since the load forecasting data have not yet been obtained, the equilibrium output curve is treated as a special case of the load curve in this paper, and the correctness of the calculation method is not affected. Considering the power fluctuations, the feed-in tariff and the investment of the wind farm and PV, two kinds of coordination strategies are introduced. Strategy 1: When the total output of the wind farm and PV exceeds the maximum equilibrium value of the hybrid system, PV is preferred to pump in water for the pumped storage power station. In addition, when the total output of the RESs is more than the range of the pumped storage capacity, solar abandonment should have priority over wind.
Strategy 2: When the total output of the wind farm and PV exceeds the maximum equilibrium output of the hybrid system, the wind farm is preferred to pump in water to store energy. In addition, when the total output of the RESs is more than the range of the pumped storage capacity, wind abandonment should have priority over PV.
Optimal Capacity Configuration Model
The flow diagram of the optimal capacity configuration method for the hybrid wind-PV-pumped storage system is constructed and presented as shown in Figure 2 . The enumeration method and sequential Monte Carlo method are used to calculate the comprehensive benefits under different capacity configurations by taking into consideration the electricity on-grid profits, peak shaving ability, investment allocation, fault maintenance and generation unit start-stop. In this case, the calibration of the system reliability of new energy power stations is calculated. This specific model is introduced in detail in the following sections.
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Objective Function
The objective function is set as follows: 
The objective function is set as follows: where F is the comprehensive benefit; F x is the renewable energy sale revenue; F t is the peak shaving income; F z is the depreciation cost; F w is the generation unit maintenance cost; and F qt is the start-stop cost of the pumped storage unit.
Renewable energy sale revenue
The definition of renewable energy sale revenue is the electricity sale income from the renewable energy, which is connected to the power grid.
where S f and S g are the on-grid electricity prices of wind and PV, respectively, and E f and E g are the on-grid power of wind and PV, respectively.
Peak shaving income
The peak shaving income refers to the sale revenue of the pumped storage energy, which is the power when the renewable energy exceeds the maximum equilibrium output power. This paper only considers the profit after the energy conversion of RESs and the pumped storage power station, without regard to the different prices in peaks and valleys.
where E tf and E tg are the wind and PV amount used for pumping in water, respectively, and η is the generation efficiency of the pumped storage station.
Depreciation cost
The depreciation cost refers to the cost calculated by the straight-line method based on the total investment of the wind-PV-pumped storage system.
where C is the total investment; θ is the residual rate; and a is the depreciation period.
Fault maintenance cost
The fault maintenance cost refers to the cost of repairing wind and PV units after failure.
where n gf and n gg , respectively, indicate the failure number of the wind turbine and PV, and S xf and S xg , respectively, represent the average maintenance cost of the wind turbine and PV at each time.
The start-stop cost
The start-stop cost refers to the cost of the pumped storage unit start-stop [20] .
where S q and S t , respectively, represent the cost for starting up and shutting down the pumped storage unit; n q and n t , respectively, indicate the start-stop times within the time limit.
Constraint Conditions

Total Investment Cost Constraints
The total investment cost includes the unit cost and construction cost of the wind farm, PV and pumped storage unit. For convenience of calculation, the unit and related construction cost are combined together into the unit capacity cost. The calculation formula is shown in Formula (7) .
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where C f , C g , and C x are, respectively, the unit capacity cost of wind power, PV and the pumped storage power station; R f , R g and R x are, respectively, the unit capacity of wind power, PV and the pumped storage unit; and n f , n g and n x are, respectively, the number of wind turbines, PVs and pumping storage units.
Wind Power and PV Output Constraints
In this paper, wind power output is mainly calculated by the mechanism modeling method according to the typical annual wind speed of the planned place [21] . Considering the influence of wind speed fluctuation on the output power, the relationship between them can be deduced as follows:
where v ci , v r and v co are the cut-in wind speed, rated wind speed and cut-out wind speed, respectively, and P r is the rated output power of the wind turbine.
Similarly, according to the typical annual solar intensity, the PV output can be approximately considered as proportional to the solar intensity and PV module area. The relationship can be expressed as Equation (9):
where r is the solar intensity; A is the total area of the PV module; and η 0 is the total efficiency of the PV generation system. η 0 = η 1 ·η 2 , where η 1 is the total PV conversion efficiency and η 2 is the efficiency of the PV power inverter. Thus, the total output at each moment of the wind farm and the PV can be expressed as Equations (10) and (11) .
P t g = n g P g (11)
Pumped Storage Unit Output Constraints
Considering the capacity of the pumped-storage machine and the minimum operation power, the output of the pumped-storage unit can be obtained [18] .
When P t f + P t g − P j > αR x , the pumping power is as shown in Equation (12).
When P j − P t f − P t g > βR x , the generated power is as shown in Equation (13).
where α denotes the minimum power factor of the pumped storage unit in the pumping mode, and β denotes the minimum power factor of the pumped storage unit in the generating mode.
Meanwhile, because the current national policy requires the limiting of wind and solar abandonment, the equilibrium output can be obtained according to Formula (14) .
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where P j is the equilibrium output of the hybrid system; T is the total simulation time, set as one year in this paper; and η is the conversion coefficient between the pumping and generating mode of the pumped storage unit.
Storage Constraints
where W i max and W i min are the maximum and minimum water quantities of the reservoir in the pumped storage power station; W i t−1 is the water volume of the upper reservoir at the t − 1; and η x and η xf , are, respectively, the water/electricity conversion coefficients between pumping and generating modes.
Quadratic Constraints
The entire pumped storage power station can only be operated separately in pumping or generating modes, as for the same net output, the energy loss is too great when the system works in the two modes at the same time. Therefore, the two processes of pumping and power generating can be decoupled, or a flag variable can be set to indicate whether the station is currently in pumping or generating mode. That is, at any time, one of the pumping and generating units should be zero, as shown in Equation (16) [22].
where n xc , n xf , respectively, represent the unit number in the pumping mode and generating mode; and P t xc and P t x f , respectively, represent the positive operating power in different working modes.
Optimal Configuration Algorithm Flow Diagram
In [23] , a multi-state probability model of a reservoir was proposed based on a pumped storage unit, combined with analysis technology to evaluate the reliability index of the hybrid system, and its calculation efficiency is high. Considering the possibility of wind and PV failures, in order to simulate the operating state and reliability of the hybrid system, the sequential Monte Carlo method is used in this paper to evaluate the system reliability after capacity configuration. Since the data in the planning stage only support the calculation of the probability of loss of load and the expected value of the shortage of electricity, this paper only uses these two indicators here. It is generally considered that the normal working duration and fault repair time of wind turbines and photovoltaic units are subject to exponential distribution, and the sampling values of the state duration using the sequential Monte Carlo method are shown in Equation (17).
where R i is a random number distributed in [0, 1] corresponding to the unit i. When the current state is the normal working state, r is equal to the failure rate λ, and MTT is the average failure time; when the current state is the failure outage state, r is the repair rate µ, and MTT is the average repair time.
Two reliability indicators as well as the wind and solar curtailment ratio can be calculated by Equations (18)- (20) .
where LOLP is the probability of load loss; EENS is expectation of insufficient power; Q is the wind and solar curtailment ratio; LLD i , ENS i are the duration and the total amount of power shortage in the sampling year i; Q i is the amount of wind and solar curtailment in sampling year i; N is the total number of sampling years; and T is the total duration of the sample year. The flow diagram of this optimal capacity allocation planning method is shown in Figure 3 .
(1) Input raw data, such as the typical annual wind speed and light intensity, the unit configuration data of each power station, the total equipment investment and the on-grid price of renewable energy. (2) According to the total investment constraints, the enumeration method is utilized to formulate the capacity allocation plan for the whole hybrid system. 
where LOLP is the probability of load loss; EENS is expectation of insufficient power; Q is the wind and solar curtailment ratio; LLDi, ENSi are the duration and the total amount of power shortage in the sampling year i; Qi is the amount of wind and solar curtailment in sampling year i; N is the total number of sampling years; and T is the total duration of the sample year. The flow diagram of this optimal capacity allocation planning method is shown in Figure 3 . Figure 3 . Block diagram of the capacity allocation planning for the hybrid renewable energy system.
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(1) Input raw data, such as the typical annual wind speed and light intensity, the unit configuration data of each power station, the total equipment investment and the on-grid price of renewable energy. (2) According to the total investment constraints, the enumeration method is utilized to formulate Through this method, considering the investment cost, failure rate of wind turbines and PV arrays, the start-stop of the pumped storage unit and the on-grid electricity price of wind power and PV, the comprehensive benefit calculation is carried out for the wind-PV-pumped storage system, which can guarantee stable output under certain wind and solar resources. At the same time, the sequential Monte Carlo method is used to analyze the reliability index and the wind and solar curtailment rate of different capacity configurations. Then, the optimal capacity allocation scheme considering both economy and reliability is obtained. Based on this scheme, the hybrid renewable energy system can effectively utilize wind and solar resources to provide a continuous and stable output to the large power grid.
Case Study
The proposed method is used to analyze the wind speed and light intensity data of a typical year in a region of North China and calculate the comprehensive benefit under different wind farm, PV and pumped storage capacity configurations. The hybrid renewable energy system topology is shown in Figure 4 . Node 1 is connected to the pumped storage power station, node 2 is connected to the wind farm, node 3 is connected to PV, and node 4 is connected to the large power grid. Typical daily data represent the expected mean of the hourly data per day for a phase. In the actual project, we use the typical day of every ten days to represent the basic parameter values of the ten days. This paper uses the typical annual data for convenience, but the data processing method is as described above. The typical annual data of wind speed and illumination are shown in Figures 5 and 6 . We set the total investment as 40 billion yuan, which is used to equip the system with wind turbines, photovoltaic units and pumped storage units. The related parameters, such as the capacity, cost, failure rate and repair time of wind turbines, PV and pumped storage units are shown in Table 1 . In this paper, environmental factors could be neglected, assuming that the construction of pumped storage power stations is mainly affected by wind and solar fluctuations. Otherwise, assuming the investment proportion of the pumped storage station is less than 10%, we assume that it operates without failure.
(4) The sequential Monte Carlo method is used to simulate the failure possibility and actual output of the renewable energy unit, and the comprehensive benefits of each scheme are calculated. (5) When the calculation of all capacity allocation schemes is completed, a comprehensive analysis is carried out based on different indicators, such as the system reliability and wind/solar abandonment rate.
Through this method, considering the investment cost, failure rate of wind turbines and PV arrays, the start-stop of the pumped storage unit and the on-grid electricity price of wind power and PV, the comprehensive benefit calculation is carried out for the wind-PV-pumped storage system, which can guarantee stable output under certain wind and solar resources. At the same time, the sequential Monte Carlo method is used to analyze the reliability index and the wind and solar curtailment rate of different capacity configurations. Then, the optimal capacity allocation scheme considering both economy and reliability is obtained. Based on this scheme, the hybrid renewable energy system can effectively utilize wind and solar resources to provide a continuous and stable output to the large power grid.
The proposed method is used to analyze the wind speed and light intensity data of a typical year in a region of North China and calculate the comprehensive benefit under different wind farm, PV and pumped storage capacity configurations. The hybrid renewable energy system topology is shown in Figure 4 . Node 1 is connected to the pumped storage power station, node 2 is connected to the wind farm, node 3 is connected to PV, and node 4 is connected to the large power grid. Typical daily data represent the expected mean of the hourly data per day for a phase. In the actual project, we use the typical day of every ten days to represent the basic parameter values of the ten days. This paper uses the typical annual data for convenience, but the data processing method is as described above. The typical annual data of wind speed and illumination are shown in Figures 5 and 6 . We set the total investment as 40 billion yuan, which is used to equip the system with wind turbines, photovoltaic units and pumped storage units. The related parameters, such as the capacity, cost, failure rate and repair time of wind turbines, PV and pumped storage units are shown in Table 1 . In this paper, environmental factors could be neglected, assuming that the construction of pumped storage power stations is mainly affected by wind and solar fluctuations. Otherwise, assuming the investment proportion of the pumped storage station is less than 10%, we assume that it operates without failure. (1) The pumped-storage power station 0's pumping-generating efficiency η is 75%; the pumped storage unit is charged separately for start-up and shutdown, and the cost is calculated at 3000 yuan each time [24] ; the minimum power factor α in pumping mode is 50%, and the minimum power factor β in generating mode is 15%. [25] , the average maintenance cost of the 3 MW wind turbine can be 415,000 yuan each time; referring to literature [26] , the average maintenance cost of 0.08 MW PV can be 1244 yuan each time. (4) The total depreciation period is 20 years, and the residual value rate is set as 5%. (1) The pumped-storage power station 0's pumping-generating efficiency η is 75%; the pumped storage unit is charged separately for start-up and shutdown, and the cost is calculated at 3000 yuan each time [24] ; the minimum power factor α in pumping mode is 50%, and the minimum power factor β in generating mode is 15%. [25] , the average maintenance cost of the 3 MW wind turbine can be 415,000 yuan each time; referring to literature [26] , the average maintenance cost of 0.08 MW PV can be 1244 yuan each time. (4) The total depreciation period is 20 years, and the residual value rate is set as 5%. Other calculation conditions are as follows:
(1) The pumped-storage power station 0's pumping-generating efficiency η is 75%; the pumped storage unit is charged separately for start-up and shutdown, and the cost is calculated at 3000 yuan each time [24] ; the minimum power factor α in pumping mode is 50%, and the minimum power factor β in generating mode is 15%. [25] , the average maintenance cost of the 3 MW wind turbine can be 415,000 yuan each time; referring to literature [26] , the average maintenance cost of 0.08 MW PV can be 1244 yuan each time. (4) The total depreciation period is 20 years, and the residual value rate is set as 5%. (5) The cut-in wind speed, rated wind speed and cut-out wind speed of the wind turbine are taken as 15 km/h, 45 km/h and 90 km/h, respectively; in addition, the photo-electronic conversion efficiency is 14%, and the output efficiency of the PV power inverter is 92% [27] .
According to the method proposed in this paper, the failure rate of the units is considered, and the corresponding comprehensive income under different wind, light and pumping capacity configuration schemes is obtained by sequential Monte Carlo calculation. The related results calculated under Strategy 1 and Strategy 2 are shown in Figures 7 and 8 .
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has the priority over the wind farm, whose redundant power is used for pumping in water and storage adjustment. Referring to the results of Figure 8 , three optimal capacity allocation options with the maximum comprehensive benefit are illustrated in Table 2 , when the number of pumped storage units are 3, 4, and 5. The comprehensive benefits of option 1, 2, and 3 are similar. The system reliability index as well as the wind and solar abandonment rate are calculated by the sequential Monte Carlo method, as shown in Figures 10-12 , and the comparison results are shown in Table 3 . When the pumping storage unit is between 4-6 units, the hybrid wind-PV-pumped storage power system's probability of load loss (LOLP) and the expectation of insufficient power (EENS) are zero, as shown in Figures  10 and 11 . According to the requirements of the 13th Five-Year Plan, there should be basically no wind and solar curtailment in the newly-built wind farms and PV power plants. Additionally, the wind and solar curtailment rate should be controlled within 5% in 2020. The corresponding power shortage probability (LOLP) of option 1 is 0.33. The annual electricity shortage value (EENS) is 1307 MWh, so the system reliability is low, and the wind and solar curtailment rate is 7.1%, which does not meet the requirement. In contrast, the power shortage probability and annual electricity shortage value in option 2 and 3 are basically 0, which meets the reliability requirement. Additionally, the wind and solar curtailment rate is less than 5%. The comprehensive benefit of option 2 is slightly higher than Scheme 3. Therefore, considering the system reliability and economy together, under the typical wind and solar data in this region, the optimized wind farm, PV and pumped storage capacity are 750 MW, 5532 MW and 320 MW, respectively. The comprehensive benefits of option 1, 2, and 3 are similar. The system reliability index as well as the wind and solar abandonment rate are calculated by the sequential Monte Carlo method, as shown in Figures 10-12 , and the comparison results are shown in Table 3 . When the pumping storage unit is between 4-6 units, the hybrid wind-PV-pumped storage power system's probability of load loss (LOLP) and the expectation of insufficient power (EENS) are zero, as shown in Figures 10  and 11 . According to the requirements of the 13th Five-Year Plan, there should be basically no wind and solar curtailment in the newly-built wind farms and PV power plants. Additionally, the wind and solar curtailment rate should be controlled within 5% in 2020. The corresponding power shortage probability (LOLP) of option 1 is 0.33. The annual electricity shortage value (EENS) is 1307 MWh, so the system reliability is low, and the wind and solar curtailment rate is 7.1%, which does not meet the requirement. In contrast, the power shortage probability and annual electricity shortage value in option 2 and 3 are basically 0, which meets the reliability requirement. Additionally, the wind and solar curtailment rate is less than 5%. The comprehensive benefit of option 2 is slightly higher than Scheme 3. Therefore, considering the system reliability and economy together, under the typical wind and solar data in this region, the optimized wind farm, PV and pumped storage capacity are 750 MW, 5532 MW and 320 MW, respectively. The comprehensive benefits of option 1, 2, and 3 are similar. The system reliability index as w the wind and solar abandonment rate are calculated by the sequential Monte Carlo method, own in Figures 10-12 , and the comparison results are shown in Table 3 . When the pumpi orage unit is between 4-6 units, the hybrid wind-PV-pumped storage power system's probabili f load loss (LOLP) and the expectation of insufficient power (EENS) are zero, as shown in Figur and 11. According to the requirements of the 13th Five-Year Plan, there should be basically ind and solar curtailment in the newly-built wind farms and PV power plants. Additionally, t ind and solar curtailment rate should be controlled within 5% in 2020. The corresponding pow ortage probability (LOLP) of option 1 is 0.33. The annual electricity shortage value (EENS) is 13 Wh, so the system reliability is low, and the wind and solar curtailment rate is 7.1%, which do ot meet the requirement. In contrast, the power shortage probability and annual electricity shorta alue in option 2 and 3 are basically 0, which meets the reliability requirement. Additionally, t ind and solar curtailment rate is less than 5%. The comprehensive benefit of option 2 is slight igher than Scheme 3. Therefore, considering the system reliability and economy together, under t pical wind and solar data in this region, the optimized wind farm, PV and pumped stora pacity are 750 MW, 5532 MW and 320 MW, respectively. 
Conclusions
This paper studies the optimal capacity allocation method for a hybrid renewable power system and establishes an optimal comprehensive benefit model. The main innovations are as follows:
(1) An innovative planning method for the optimal capacity allocation of a large-scale hybrid wind-PV-pumped storage power system under certain investment amounts and wind and solar energy is proposed, and the optimal wind farm, PV and pumped-storage capacity configurations corresponding to the maximum comprehensive benefit can be obtained. The method considers factors such as the output of wind turbines and photovoltaic units, pumped storage unit adjustment, storage capacity constraints, and wind farm and PV coordination generation, meeting the reliability requirements and conforming to the actual situation; 
(1) An innovative planning method for the optimal capacity allocation of a large-scale hybrid wind-PV-pumped storage power system under certain investment amounts and wind and solar energy is proposed, and the optimal wind farm, PV and pumped-storage capacity configurations corresponding to the maximum comprehensive benefit can be obtained. The method considers factors such as the output of wind turbines and photovoltaic units, pumped storage unit adjustment, storage capacity constraints, and wind farm and PV coordination generation, meeting the reliability requirements and conforming to the actual situation; (2) The type of energy consumed by the pumped storage unit pumping has a great impact on the comprehensive benefit. When the sum of wind-PV generation exceeds the load demand, the benefit from storing wind energy is much greater than the benefit from storing photovoltaic energy; (3) The optimal capacity of the pumped storage unit calculated according to this method can overcome the influence of wind-PV generation failure and meets the reliability requirements of LOLP and EENS.
This proposed method considers not only economy but also reliability issues. The simulation results meet the relevant requirements and provide a reference for planning a large-scale hybrid power system.
